Cosmic neutrinos above a PeV are produced either within astrophysical sources or when ultrahigh energy cosmic rays interact in transit through the cosmic background radiation. Detection of these neutrinos will be essential for understanding cosmic ray acceleration, composition and source evolution. By using the Earth as a tau neutrino converter for upward-going extensive air showers from tau decays, balloon-borne and space-based instruments can take advantage of a large volume and mass of the terrestrial neutrino target. The theoretical inputs and uncertainties in determining the tau lepton exit probabilities and their translation to detection acceptance will be discussed in the context of a new calculation we have performed. We quantify the experimental detection capability based on our calculation, including using the Probe of Extreme Multi-Messenger Astrophysics (POEMMA) concept study response parameters for optical air Cherenkov detection. These case studies are used to illustrate the features and uncertainties in upward tau air shower detection.
for the POEMMA Collaboration
Cosmic neutrinos above a PeV are produced either within astrophysical sources or when ultrahigh energy cosmic rays interact in transit through the cosmic background radiation. Detection of these neutrinos will be essential for understanding cosmic ray acceleration, composition and source evolution. By using the Earth as a tau neutrino converter for upward-going extensive air showers from tau decays, balloon-borne and space-based instruments can take advantage of a large volume and mass of the terrestrial neutrino target. The theoretical inputs and uncertainties in determining the tau lepton exit probabilities and their translation to detection acceptance will be discussed in the context of a new calculation we have performed. We quantify the experimental detection capability based on our calculation, including using the Probe of Extreme Multi-Messenger Astrophysics (POEMMA) concept study response parameters for optical air Cherenkov detection. These case studies are used to illustrate the features and uncertainties in upward tau air shower detection. 
Introduction
The detection of ultrahigh energy neutrinos from individual astrophysical sources or the diffuse astrophysical neutrino flux from all sources will help us untangle the conditions that enable cosmic ray acceleration in astrophysical environments and the cosmological evolution of their sources [1, 2] . Neutrinos from cosmic ray interactions with the cosmic background radiation will additionally reveal information about cosmic ray composition. Neutrino signals may accompany electromagnetic and gravitational messengers, or in some cases, they may be the primary signal at the site of cosmic ray acceleration. The detection of cosmic neutrinos above energies of 10 16 eV= 10 PeV has not yet been achieved, but it is a goal of many instruments with neutrino detection capabilities. Instruments like IceCube [3] , ANTARES and KM3NeT [4] , the Askaryan Radio Array (ARA) [5] and the Antarctic Ross Ice-Shelf Antenna Neutrino Array (ARIANNA) [6] take advantage of large volumes of ice or water to act as neutrino targets. IceCube and the Pierre Auger Observatory have set upper limits on the high energy diffuse neutrino flux from searches of Earth-skimming neutrino interactions as well as cascades on ice and deep horizontal air showers [3, 7, 8, 9] . The Antarctic Impulsive Transient Antenna (ANITA) radio antennas on balloon missions over the South Pole has set the most restrictive upper limits on the diffuse neutrino flux at the highest energies [10] . Thus far, at energies above 5 × 10 6 GeV, limits but not observations of the diffuse astrophysical neutrino flux have been made.
Neutrino messengers from transient neutrino sources are a topic of intense study. In 2018, the IceCube detection of a neutrino event coincident with a gamma-ray flaring blazar started a multimessenger era that includes neutrinos [11] . Larger volumes and accumulated observation time will open up multi-messenger particle astrophysics to neutrino observations. The Earth-skimming signals of tau neutrinos are the target of the proposed ground-based detectors Trinity [12] and GRAND [13, 14] . The nearly horizontal or upward-going air showers come from tau decays, where the taus come from tau neutrino charged current interactions in the Earth (see, e.g., Refs. [15, 16, 17] ). A feature of tau neutrino propagation is that while the initial tau neutrino flux is attenuated by the Earth, as with other neutrino flavors, when the taus they produce decay, tau neutrinos are regenerated, though at lower energies [18] .
Satellite-based neutrino detectors will be able to access target volumes for neutrino interactions that are even larger than for existing detectors [19] . The Probe of Extreme Multi-Messenger Astrophysics (POEMMA) mission [20, 21] is designed for dual detection: of cosmic ray air showers via fluorescence signals and of upward-going air showers from neutrino interactions in the Earth. The sensitivity of the proposed POEMMA neutrino detectors, based on twin satellites at altitude h = 525 km flying in formation, will be to angles from 7 • below the limb in diffuse neutrino flux mode. POEMMA's coverage of a target-of-opportunity (ToO) sources can extend to ∼ 18 • below the limb [22] . POEMMA will be able to respond to alerts for flaring sources, with a 90 • slew time of 500 s [23] . We discuss below POEMMA's projected sensitivity to tau neutrino fluxes and fluences. More details can be found in Refs. [19] and [22] .
Effective aperture and effective area
POEMMA's effective aperture for diffuse neutrino fluxes and its effective area for the neutrino fluence from transient sources depend on tau neutrino interactions that produce taus via the standard model charged current interaction, on tau propagation through materials and tau electromagnetic energy loss, on tau decay probabilities as a function of altitude and the corresponding probability to detect the signal from the extensive air shower (EAS) from that tau decay. At energies above 10 7 GeV, the neutrino and antineutrino cross sections are equal, so henceforth, we refer to them both as "neutrinos." Figure 1 (left) shows our definition of angles and distances relevant for a detector an altitude h above the surface of the Earth. The angle θ v is the angle relative to the local normaln of the line of sight from tau emergence point to the detector, while θ tr is the angle the exiting tau trajectory makes with respect to the same local normal. The detector is a distance v from the exit point. The tau decays a distance s from the exit point. N PE > 10 ∆φ = 360 The effective aperture for tau neutrino energy E ν τ , relevant for the diffuse flux sensitivity calculation, can be written as [24] :
The infinitesimal area element dS is the patch of surface area viewable by the detector. For POEMMA, this is in an annular zone from the limb to 7 • below the limb. We evaluate the effective aperture for viewing over the full ∆φ = 360 • azimuthal angle. POEMMA's current design has a coverage of ∆φ = 30 • . The observation probability can be written in terms of exit probability P exit , detection probability P det and the decay probability p decay ds for an infinitesimal path length ds:
Implicit is an integral over tau energies: the exit probability for ν τ → τ involves a distribution of energies. Both the decay length and the air shower energy depend on the tau energy. The detection probability P det for the upward air shower also depends on whether the detector is within the Cherenkov cone of the EAS from the tau decay. In the diagram in Fig. 1 (left) for decay distance s, this means the trajectory of the decay lies within the circle of radius ∼ (v − s)θ eff Ch around the line of sight. The effective Cherenkov angle θ eff Ch is on the order of 1.5 • , though its exact value depends on the altitude of the decay, θ tr , and the shower energy [19] . To first approximation, we can take θ v θ tr . Our detailed evaluation in Ref. [19] demonstrates that this is a good approximation.
The photon density at the detector is a function of altitude, θ tr and the shower energy. The 2.5 m 2 effective optical collection area and quantum efficiency of 0.2 together with the number density of the photons in the Cherenkov cone give the number of photoelectrons. POEMMA's minimum number of photoelectrons for detection is 10 [19] . In our evaluations below, we have assumed that the shower energy is half of the tau energy. The tau decay probability depends on the tau energy E τ . For reference, the tau decay length with the γ-factor γ = E τ /(m τ c 2 ) is γcτ = 5 km×E τ /10 8 GeV.
The exit probability, as noted above, depends on the neutrino charged current cross section and tau electromagnetic energy loss [19, 25] . Inputs to both the neutrino cross section and electromagnetic energy loss through photonuclear interactions have uncertainties associated with their high energy extrapolations [26] . To illustrate the uncertainties associated with the exit probability, we use two models of tau electromagnetic energy loss: the Abramowicz et al. (ALLM) [27, 28] parameterization of the electromagnetic structure function and the Block et al. (BDHM) [29] extrapolation that predicts less energy loss per unit column depth than the ALLM choice. The solid lines in Fig. 1 (right) shows the effective aperture for these two energy loss models, with a common neutrino cross section based on a parton distribution function evaluation. The shaded blue band between the solid curves gives an estimate of the energy loss uncertainties. At lower energies, the ALLM and BDHM parameterizations are similar, but at higher energies, differences are as much as a factor of ∼ 2 at E ν τ 5 × 10 10 GeV. The dot-dashed lines show the effective aperture when the neutrino cross sections are modified to have the same high energy extrapolations as the photonuclear energy loss parameters, namely with a high energy behavior governed by the ALLM or BDHM extrapolation. There is < 46% difference between the ALLM evaluation with neutrino cross section σ SM and σ ALLM . The difference is smaller, < 23%, comparing neutrino interactions with σ SM and σ BDHM .
The advantage of detection of upward-going EAS over water compared to over rock has been discussed in the literature [30, 25] . Our default model of density layers in the Earth has an outermost layer of 3 km of water. The dashed line in Fig. 1 (right) shows the effective aperture if the outermost layer is standard rock with mass density ρ = 2.65 g/cm 3 . Water has a slight advantage at the highest energies, while rock, with more target nucleons for neutrino interactions within γcτ of the Earth's surface at lower energies, is more advantageous.
For the sensitivity to target-of-opportunity transient neutrino flares, the effective area viewable by POEMMA is required. The effective area is approximately
where π(v − s) 2 (θ eff Ch ) 2 is the area of the disk in Fig. 1 (left) that is viewable for a given angle θ tr θ v . Our results for point sources rely on Eq. (2.3).
3. ν τ → τ fluxes and the sensitivity of POEMMA Figure 2 (left) shows the impact of the energy loss model and neutrino cross section for different elevation angles β tr ≡ 90 • − θ tr . The quantity shown does not depend on the decay in the atmosphere or detection probability, only the tau exit probability and the predicted exit energy.
Plotted in Fig. 2 (left) is the tau energy times the flux of upgoing taus given an input isotropic diffuse flux of neutrinos predicted by Kotera et al. [31] . This model describes the flux of neutrinos from cosmic ray interactions with the cosmic background radiation, assuming uniform source evolution, a mixed cosmic ray composition and a maximum proton energy of 10 11 GeV. The solid histograms show tau flux as a function of energy, scaled by energy, for the ALLM electromagnetic energy loss. The dashed histograms show BDHM energy loss. Both solid and dashed histograms are evaluated with σ SM . The full band includes the minimum and maximum values allowing for the ALLM and BDHM extrapolations for σ νN . As the elevation angle β tr gets larger, the chord length through the Earth increases. Neutrino attenuation becomes more important, so there are more discrepancies between histograms with the same energy loss but different cross section model inputs. The larger impact at large β tr doesn't translate to the effective aperture because most of the effective aperture comes from small β tr .
We use the ALLM model as our default for calculating the tau electromagnetic energy loss, with the standard model parton distribution function based σ SM neutrino-nucleon cross section. The right panel of Fig. 2 shows our predicted sensitivity for POEMMA with ∆φ = 360 • (black dashed line) and 30 • (solid black line) to the all-flavor diffuse neutrino flux scaled by energy-squared. We have assumed 5 years of observation time with a 20% duty cycle. To be competitive in diffuse flux measurements, POEMMA's expansion to ∆φ = 360 • is necessary, as shown in the comparison with 90% confidence level upper limits from Auger [8] , IceCube [3] , and ANITA [10] , and projected sensitivities of ARIANNA [6] , ARA-37 [5] and GRAND10k [13] .
POEMMA has an advantage over other instruments for transient sources due to the fact that is a satellite-based intstrument. With an orbital period of T s = 95 min, an orbital plane at an angle ξ i = 28.5 • relative to the Earth's polar axis, and a precession period of T p = 54.3 days, over a few months, the whole sky will be visible to POEMMA [23] . Figure 3 shows POEMMA's all-flavor sensitivity to long (∼ 10 6 s, left) and short (10 3 s, right) bursts. The dark blue band shows the sensitivity for a large portion of the sky at a given time, while the lighter blue region shows special regions of better or worse sensitivity that depends on source location. The left figure, averaged over 380 days of viewing, includes a de-rating factor of order 0.3 on average due the effects of the Sun and the Moon on observations by POEMMA [23, 22] . The right figure shows the best all-flavor sensitivity to short bursts (10 3 s) and does not include the effects of the Sun and the Moon. If the source is not in a favorable position during the short burst, POEMMA will not have any sensitivity, but if the Earth comes between the source and POEMMA, the instrument's fast slewing capability will result in the sensitivities shown in the right panel. Examples of long burst fluences by Fang and Metzger for a neutron star-neutron star merger scaled to 10 Mpc [32] and a blazar flare model proposed by Rodrigues, Fedynitch, Gao, Bonioli and Winter (RFGBW) scaled to 25 Mpc [33] are shown. Also plotted is an example of a short neutrino burst from a short duration gamma ray burst, the Kimura, Murase, Mészáros and Kiuchi (KMMK) [34] prediction for the all-flavor fluence for extended emission and prompt emission, scaled to 40 Mpc, for on-axis viewing (θ = 0 • ). Finally, in [31] is shown, along with 90% CL upper limits from Auger (scaled to decade energy bins) [7] , IceCube [3] , and ANITA [10] , and projected sensitivities for ARIANNA [6] , ARA-37 [5] and GRAND10k [13] , scaled as necessary for the all-flavor sensitivity. the left (right) plot, IceCube, Auger and ANTARES 90% confidence level upper limits are scaled to 3 flavors from their results for 14 days after (±500 s around) the binary neutrino star merger GW170817 [35] . POEMMA's better sensitivity for short bursts, should the source be in a viewable location, comes from the fact that the time averaged effective area is larger for short bursts: 10 3 s is shorter than the orbital period which is relevant to the long bursts.
Given the effective area of POEMMA, one can calculate the maximum luminosity distance accessible to POEMMA for a variety of models of transient sources. Details of our evaluation appear in Ref. [22] . We find, for example, that the Lunardini and Winter tidal disruption event long burst models [36] with supermassive black hole masses on the order of 10 5 M − 5 × 10 6 M are accessible out to ∼ 100 Mpc for 1 neutrino event in POEMMA. Long bursting blazar flares in the RFBGW model [33] are accessible out to ∼ 43 Mpc. The extended emission short gamma ray burst model of KKMK [34] would produce 1 neutrino event at POEMMA for a source distance of ∼ 117 Mpc.
Refinements of the diffuse and transient neutrino source sensitivities are underway. Theoretical inputs to the neutrino interactions and tau energy loss give variations on the order of ±30 − 40% in the sensitivity for E ν τ = 10 9 GeV where POEMMA has its best constraints. Modeling of air showers, the impact of cloud cover and other variables are being reviewed and improved [37] . A NASA APRA funded software package is in development to provide a computational tool for tau neutrino induced upward air showers [37] .
